a Biogenic ceramics are known to exhibit superior toughness due to a laminated architecture with ultrathin organic layers separating the ceramic blocks. Theoretical analyses relate the toughness increase to the modulus contrast, E c /E o between the stiff, E c , and the compliant, E o , components. However, experimental data on this contrast are extremely difficult to obtain by any known technique due to the very small thickness and low modulus values of the organic layers. Here we adapt a recently developed nanoscale modulus mapping technique combined with reverse finite element analysis in order to map the elastic modulus across a 35 nm thick organic layer within biosilica in a giant anchor spicule of the glass sponge Monorhaphis chuni. We find a modulus of 0.7 GPa in the organic layer as compared to 37 GPa in the bioglass. Furthermore, a modulus gradient extends 50 nm into the glass layer, probably due to the spatial distribution of small organic inclusions. With this new methodology it becomes possible to determine the elastic moduli of nanometric inclusions even when embedded in a matrix which is 50 times stiffer.
Superior resistance to the fracture of natural biocomposites, such as nacre of mollusc shells or spicules of marine sponges, has attracted the attention of numerous research groups worldwide as models for tough ceramics. These studies focused on the routes by which organisms drastically enhance (by two to three orders of magnitude) the toughness of brittle ceramics, like calcium carbonate or silica, by adding just a few wt.% of organic macromolecules. 1, 2 It is commonly accepted that the key point in this evolutionary solution is smart arrangement of alternating layers composed of compliant (organic substance) and stiff (ceramic) layers, which impedes crack propagation. [3] [4] [5] Earlier works have concentrated on crack deflection and arrest by individual organic-ceramic interfaces. 6 Structural (and mechanical) inhomogeneities on smaller, that is, nanometer length scales are also known to contribute to the superior mechanical characteristics in a variety of natural biomaterials, such as nacre and bone, 7,8 biosilica, 9 or spider silk. 10 For example, inhomogeneous distributions of nm-sized organic inclusions have been shown by electron tomography and 3D small-angle X-ray scattering in nacre tablets 11 and in individual calcitic crystallites extracted from specific mollusk shells. 12, 13 Recently, it was demonstrated (by theoretical considerations and model simulations) that the periodic arrangement of compliant and stiff layers is a very important factor, which by itself can dramatically enhance the resistance of biocomposites to fracture. 14, 15 It was shown that the ratio of fracture strength, s c , of a biocomposite composed of the periodically arranged ceramic and organic layers, to the fracture strength, s h , of a homogeneous material (major ceramic component) is defined by the dimensionless parameter:
where E c and E o are, respectively, the elastic moduli of the ceramic and organic components, a is the initial crack length, and l is the spatial periodicity of the alternating layers. It follows from eqn (1) that an increase of fracture strength can be achieved, for example, by decreasing the period, l. However, its continuous diminishing strength can hardly be an evolutionary solution since it requires an increasing consumption of organic components, which also leads to the subsequent reduction of the stiffness of the entire structure. A more robust solution, seemingly developed in nature, is to combine the stiff and compliant materials towards producing a high ratio, E c /E o . In order to address the question of how high this ratio could be in practice, we have to measure the elastic moduli, E c and E o , in biocomposites. However, the actual measurement of E o presents a major challenge, since in many biocomposites the organic component is arranged in the form of extremely narrow layers, only a few tens of nanometers in width. Therefore, the mechanical properties of these organic parts, confined within much stiffer ceramic material, and their interaction with the surrounding ceramics remain elusive due to the lack of a suitable experimental approach.
In this work, we apply the nanoscale modulus mapping technique (based on nano-DMA, i.e. nano-Dynamical Mechanical Analysis) to characterize the elasticity of the extremely thin soft layers of a biological composite, the anchor spicule of the glass sponge, Monorhaphis chuni (M. chuni). The latter is composed of alternating amorphous silica and organic layers, as is described in more detail below. This technique was previously used for obtaining high resolution two-dimensional maps of storage and loss moduli in different material systems resolving sub-micronsized structural features with dissimilar elastic and viscoelastic characteristics. For example, in a study of the nacre layer in the shell of a green muscle (Perna canaliculus), organic layers, separating nacre tablets, were clearly resolved in the elastic modulus maps. 16 The basis of the modulus mapping technique [17] [18] [19] is the wellestablished nanoindentation instrumentation combined with an AFM-like piezoscanner and force modulation system. During scanning, a topographical profile is measured at a constant contact force F DC , which is small enough to avoid tip penetration more than 1-2 nm deep into the ceramic constituent. Correspondingly, the lateral resolution, which is defined by the contact area of the tip, is estimated to be approximately 10 nm. Due to a tiny penetration depth, the elastic type of contact between the tip and the sample is realized with no plastic deformation involved. For extracting the local stiffness profiles, a modulation force with amplitude F AC , a few times smaller than F DC , is applied to the tip, in addition to F DC . The resultant displacement of the tip is monitored by the piezoelectric transducer. A lock-in amplifier analyzes the transducer's signal and determines its displacement amplitude and phase shift relative to the modulation force signal. Monorhaphis chuni, used in this research, is a deep sea glass sponge whose habitat is at ocean depths down to 2000 meters. 20, 21 It belongs to the class of Hexactinellida and is among the earliest multicellular animals found as fossils. The most fascinating feature of the M. chuni is the giant basal spicule around which the animal is assembled. This spicule (Fig. 1a) is used for anchoring the animal to the bottom of the ocean and can reach up to 3 m in length and 8 mm in diameter. 22 The organic filament, nearly 2 mm in diameter, provides the central vertical axis of the spicule with biosilica cylinders arranged in nearly concentric layers (2-10 mm wide) around it, separated by tiny organic layers (Fig. 1b) . Mechanical characteristics of the biosilica inside the spicule have been previously investigated by nanoindentation, with the reduced modulus reported to be E cr # 42 GPa. 22 Using the Poisson's ratio, n # 0.3, yields E c = E cr (1 2 n 2 ) # 38 GPa for the elastic modulus of biosilica. High efficiency of periodically arranged organic layers to stop crack propagation during indentation was also demonstrated. 23 However, the mechanical characteristics of the proteinrich organic layers and the organic-ceramic interfaces remained unknown, primarily due to their small dimensions. In fact, the typical width of the organic layer is approximately 35 nm, as is evidenced by high-angle annular dark field (HAADF) imaging in scanning transmission microscopy (STEM) mode ( Fig. 1c and d) .
Gradual contrast variations at the organic-ceramic interfaces, which reflect gradual changes in the organic concentration and therefore modulus variations near the interfaces, are also resolved. In both projections, i.e. in the plane (Fig. 1c ) and side views (Fig. 1d) , the organic layer does not reveal an extra fiber-like structure. Organic layers are clearly visible in the nano-DMA maps taken in both the topography (Fig. 2a) and stiffness (Fig. 2b) modes of measurement. Topography profiles of the organic layers reveal shallow grooves 5-10 nm deep, as a result of a polishing procedure during sample preparation. The presence of these grooves is taken into account later on in stiffness simulations. As expected, experimental stiffness maps show that, in general, the biosilica is much stiffer than the organic layer. The stiffness measured in the biosilica regions can be treated within the Hertz contact model, which is typical to describe elastic interaction of an indenter tip with a homogeneous substrate. 24 This approach provides a reduced modulus of biosilica E cr # 44 GPa, which fits well with the previously obtained results by nanoindentation. 22 When in close proximity to the organic-biosilica interface the measured stiffness of the biosilica is significantly decreased. However, in the middle of the organic layer an unanticipated stiffness jump is observed, which appears in the stiffness map as a brighter pass within a much darker surrounding (Fig. 2b) . This jump reflects the fact that the tip diameter (2R = 280 nm) is much greater than the width of an individual organic layer (35 nm). When approaching the organic layer from the biosilica region during scanning, the tip starts to interact with the softer layer (Fig. 3a) and the measured stiffness is reduced. However, when located in the middle of the organic layer, the tip is maintained by two stiffer biosilica-organic interfaces rather than a soft organic layer (Fig. 3b) . Therefore, in this case the stiffness measurement by nano-DMA cannot be interpreted as a direct measure of the elastic modulus of the organic layer, E o and detailed simulations by finite element analysis (FEA) are required, which are presented in Fig. 3 . Specifically, in order to extract the modulus of the organic part, a numerical replica of the polished cross-section of the spicule was created with a surface topography measured by tapping mode AFM. The width of the organic layer, approximately 35 nm, and the distribution of its concentration in proximity to the interfaces were taken from the HAADF-STEM images, where the contrast strongly correlates with the atomic number of the elements involved and, therefore, with the composition and elastic modules in proximity to the organic-inorganic interfaces. Details of FEA simulations are given in the ESI 3 and ref. 25 .
By using simulated maps we can construct the stiffness profiles across the interfaces and can compare them with experimental ones. We find that the stiffness profiles, calculated at different moduli, E o , reveal specific shapes with a sharp maximum at the center of the organic layer, a minima at some distance away from the center, and an asymptotically growing tail in biosilica regions (Fig. 3c) . The calculated stiffness values at the profile center, as well as the profile minima, strongly depend on the modulus of the organic layer, E o . In order to find it, iterative simulations for the abrupt and graded interfaces were performed by varying the value of E o and the modulus distribution near the interface until a best fit to the experimental profile was achieved (Fig. 3d) . The latter yielded E o = 0.7 GPa and an elastic modulus distribution across the organic layer as shown in Fig. 3e . The extracted value of E o is in good agreement with the expected elastic modulus of the proteinrich organic material and yields E c /E o # 53. Assuming that the crack length, a, in eqn (1) is of the order of period, l, we obtain an enhancement factor of k # 5, which indicates impressive performance of the animal M. chuni and a drastic increase of its fracture stress. It is worth mentioning that the measurements were performed on dried samples in ambient conditions. In the natural state of the sponge (i.e. under water), the magnitude of E o may be lower, which would result in an even higher enhancement factor, k.
In conclusion, adapting the nanoscale modulus mapping technique and combining it with iterative finite element simulation allowed determination of the elastic modulus of an organic layer which is only a few tenths of a nanometer thick and confined within a much stiffer biosilica matrix. Previously theoretically postulated structural criteria for small crack stabilization in compliant-stiff layered composites (i.e. significantly lower elastic modulus of the compliant layer and gradation of properties at the interface) 15 are confirmed in a naturally occurring silica sponge M.
chuni. Using this methodology, the perspective of measuring the elastic moduli of small and soft inclusions in any nano-composite material becomes accessible. Fig. 3 The calculated and measured stiffness distributions and the resulting modulus distribution in proximity to the organic-ceramic interfaces: (a) a simulated Von Misses stress distribution map when the instrument tip touches only the left edge of the organic layer, at 20 nm from the center of the organic layer (I -organic layer, II -steep modulus gradient, III -biosilica); (b) a simulated Von Misses stress distribution map when the instrument tip touches both edges of the organic layer; (c) the stiffness profiles across the organic-ceramic interface, calculated at different modules, E o , of the organic layer (points a and b on the modulus profiles represent simulated stiffness values for tip positions shown in Fig. 3a and b, respectively); (d) best fit of the experimental stiffness profile to simulations at E o = 0.7 GPa; (e) elastic modulus distribution across the organic layer that produced a best fit to the experimental stiffness profile.
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